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Purpose: To examine the ability of retinal pigment epithelial (RPE) cells derived from human embryonic stem cells
(HESC) to phagocytose photoreceptor outer segments, and to determine whether exposure to human retina induces any
morphological changes in these cells.
Methods: HESC-RPE cells were derived from a super-confluent preparation of the Shef1 HESC line. Pigmented colonies
were isolated and expanded into pigmented monolayers on Matrigel™ matrix-coated dishes or filters. Cells were exposed
to fluorescently labeled outer segments isolated from the porcine eye and assessed for phagocytic activity at regular
intervals. Expression of molecules associated with RPE phagocytosis was analyzed by RT–PCR, immunocytochemistry,
and western blot. The role of Mer Tyrosine Kinase (MERTK) in the phagocytosis of outer segments was investigated
using antibodies directed against MERTK to block function. In a novel approach, cells were also exposed to fresh human
neural retina tissue then examined by electron microscopy for evidence of phagocytosis and changes in cell morphology.
Results: HESC-derived RPE cells are capable of phagocytosing isolated porcine outer segments and express molecules
associated with RPE-specific phagocytosis, including MERTK. Pre-incubation with antibodies against MERTK blocked
phagocytosis of photoreceptor outer segments, but not polystyrene beads. HESC-RPE cells also phagocytosed outer
segments in a novel human retinal explant system. Furthermore co-culture adjacent to human retina tissue in this
preparation resulted in the appearance of features in HESC-derived RPE cells normally observed only as the RPE matures.
Conclusions: The ingestion of photoreceptor outer segments from an isolated population and an artificial ex vivo human
retina system demonstrates HESC-derived RPE cells are functional. HESC-derived RPE possess the relevant molecules
required for phagocytosis, including MERTK, which is essential for the phagocytosis of outer segments but not latex
beads. Furthermore, some changes observed in cell morphology after co-culture with human retina may have implications
for understanding the full development and differentiation of RPE cells.
Age-related macular degeneration (AMD) is the leading
cause of blindness in people over 60 in the western world, and
as such, is a target for therapeutic intervention. The disease is
associated with the progressive degeneration of the retinal
pigment epithelium (RPE), leading to photoreceptor cell death
and the loss of central vision. A potential cure for AMD could
involve cell-based transplantation therapies to restore RPE
cells lost during the progression of the disease. This could be
achieved using RPE cells derived from human embryonic
stem cells (HESC) as a replacement source. There is
increasing evidence to suggest that HESC-derived RPE cells
are more akin to RPE cells than cell lines originally created
from human RPE tissue, when characterized in terms of
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morphology, gene expression, and immunohistochemical
profile [1-4].
In vivo, the RPE constitutes a distinct monolayer of
pigmented cells lying between the neural retina and Bruch’s
membrane, which provides essential support for the long-term
preservation of retinal integrity and visual function. RPE cells
are involved in many processes critical for photoreceptor
survival, including nutrient and ion transport, light absorption,
recycling of retina, and formation of the blood-retinal barrier
[5]. One of the most important functions of the RPE is the
phagocytosis of photoreceptor outer segments (POS). Each
day RPE cells are responsible for the removal and disposal of
shed POS, a process vital for the renewal of photoreceptor
membranes. Disruption of this process, as observed in the
Royal College of Surgeons (RCS) rat [6], results in an
accumulation of debris within the subretinal space, leading to
degeneration of photoreceptors and eventual blindness [7,8].
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53(FHOOVLQYLYRDUHGLVWLQFWIURPPDQ\SKDJRF\WLFFHOOV
VLQFHWKH\QRUPDOO\LQJHVWRQO\RQHW\SHRISDUWLFOHWKH326
>@ <HW LQ FXOWXUH DOWKRXJK 53( FHOOV SUHIHUHQWLDOO\
SKDJRF\WRVH326WKH\FDQDOVRELQGDQGLQJHVWDYDULHW\RI
VXEVWDQFHV LQFOXGLQJ326 UHGEORRGFHOOVDOJDHEDFWHULD
\HDVW FDUERQ SDUWLFOHV DV ZHOO DV LQHUW SDUWLFOHV VXFK DV
SRO\VW\UHQHODWH[ EHDGV >@ 7KH GLVWLQFWLRQ EHWZHHQ
QRQVSHFLILFDQGRXWHUVHJPHQWVSHFLILFSKDJRF\WRVLVLVPRVW
UHDGLO\REVHUYHG LQ WKH5&6UDWDOWKRXJKPLFURYLOOLRI WKH
5&6UDW53(FDQHQYHORSRXWHUVHJPHQWVWKH\UDUHO\LQJHVW
WKHP >@ 'HVSLWH WKLV 53( FHOOV IURP ERWK 5&6 DQG
QRUPDOUDWVDUHDEOHWRLQJHVWSRO\VW\UHQHEHDGVDWWKHVDPH
UDWHLQFXOWXUH>@VXJJHVWLQJWKDWWKH5&6UDWKDVDGHIHFW
LQ 326VSHFLILF SKDJRF\WRVLV UDWKHU WKDQ D GHIHFW LQ WKH
JHQHUDOSURFHVVRISKDJRF\WRVLV)RUWKHVHUHDVRQVZHEHOLHYH
WKDW WKH SKDJRF\WRVLV RI ODWH[ EHDGV ZKLFK KDV EHHQ XVHG
SUHYLRXVO\WRDVVHVV+(6&GHULYHG53(SKDJRF\WRVLV>@
LVDQLQDSSURSULDWHDVVD\ZLWKZKLFKWRPHDVXUHWKHIXQFWLRQDO
FDSDFLW\RIWKHVHFHOOV
6RPHRIWKHPROHFXODUPHFKDQLVPVUHVSRQVLEOHIRUWKH
SKDJRF\WRVLVRI326E\53(KDYHEHHQH[DPLQHGUHFHQWO\
DQGVHYHUDOSURWHLQVZLWKSURSRVHGUROHVLGHQWLILHG'LXUQDO
ELQGLQJRI326WRWKH53(FHOOKDVEHHQDWWULEXWHGWRĮ9ȕ
LQWHJULQZKLFKLVSUHVHQWDWWKHDSLFDOVXUIDFHRIWKH53(FHOO
DQGVHOHFWLYHO\ELQGV326DQGQRWODWH[EHDGVLQYLYRDQGLQ
YLWUR >@ &' D WUDQVPHPEUDQH JO\FRSURWHLQ LV
GHVFULEHGDV IXQFWLRQLQJGRZQVWUHDPDQG LQGHSHQGHQWO\RI
Į9ȕLQWHJULQWRFRQWUROWKHUDWHRI326XSWDNH>@ZKHQ
RYHUH[SUHVVHG LW LQGXFHV WKH SKDJRF\WRVLV RI 326 E\
PHODQRPDFHOOV>@2WKHUOLJDQGVWKRXJKWWREHLQYROYHGLQ
WKHUHJXODWLRQRIRXWHUVHJPHQWELQGLQJLQFOXGH&'ZKLFK
LQWHUDFWVZLWKDQGSURPRWHVSDUWLFOHELQGLQJWRĮ9ȕDQGPLON
IDWJOREXOH(*)0)*(DQĮ9ȕLQWHJULQOLJDQGUHTXLUHG
IRUGLXUQDOSKDJRF\WRVLVRI326LQYLYR>@,QJHVWLRQRI
WKHRXWHUVHJPHQWVLVUHJXODWHGWKURXJK0HU7\URVLQH.LQDVH
0(57. >@ PXWDWLRQV LQ WKLV JHQH DUH UHVSRQVLEOH IRU
GHIHFWVLQSKDJRF\WRVLVDQGWKHRQVHWRIUHWLQLWLVSLJPHQWRVD
LQKXPDQV>@DQGUHWLQDOG\VWURSK\LQWKH5&6UDW>@
)RFDODGKHVLRQNLQDVH)$.>@ZKLFKLVUHVSRQVLEOHIRU
WKHSKRVSKRU\ODWLRQRI0(57.DQG0(57.OLJDQGVVXFK
DVJURZWKDUUHVWVSHFLILFSURWHLQ*$6>@DQGSURWHLQ
6 >@ DUH DOVR WKRXJKW WR SOD\ LPSRUWDQW UROHV LQ WKH
SKDJRF\WRVLVRIRXWHUVHJPHQWVZKLOHFDWKHSVLQ'DPDMRU
O\VRVRPDO HQ]\PH SUHVHQW LQ 53( LV LQYROYHG LQ WKH
GHJUDGDWLRQRILQWHUQDOL]HG326>@
5HFHQWO\ZHKDYHGHULYHGDQGFKDUDFWHUL]HG53(FHOOV
IURPWKH6KHI+(6&OLQH>@+HUHZHH[DPLQHWKHDELOLW\
RI WKHVH +(6&GHULYHG 53( WR SKDJRF\WRVH 326 LVRODWHG
IURPWKHSRUFLQHUHWLQDDQGHPSOR\DQRYHOLQYLWURDVVD\WR
H[DPLQHSKDJRF\WRVLVRIRXWHUVHJPHQWVIURPKXPDQUHWLQDO
H[SODQWV 2XU UHVXOWV VKRZ WKDW +(6&GHULYHG 53( FHOOV
H[SUHVVWKHPROHFXOHVDVVRFLDWHGZLWKSKDJRF\WRVLVDQGFDQ
SKDJRF\WRVHERWKRXWHUVHJPHQWVDQGODWH[EHDGVEXWUHTXLUH
0(57. IRU VSHFLILF SKDJRF\WRVLV RI RXWHU VHJPHQWV
)XUWKHUPRUHH[SRVXUH WRDQH[YLYRSUHSDUDWLRQRIKXPDQ
UHWLQD OHDGV WR VRPH PRUSKRORJLFDO FKDQJHV LQ WKH +(6&
GHULYHG 53( OD\HU ZKLFK PD\ EH LQGLFDWLYH RI FHOO
PDWXUDWLRQ
0(7+2'6
&HOO FXOWXUH $OO WLVVXH FXOWXUH UHDJHQWV XQOHVV VWDWHG
RWKHUZLVHZHUHREWDLQHGIURP,QYLWURJHQ3DLVOH\8.7KH
6KHI+(6&OLQHZDVPDLQWDLQHGLQ7IODVNVFRDWHGZLWK
 JHODWLQH DQG VHHGHG ZLWK PLWRP\FLQ & LQDFWLYDWHG
PRXVH HPEU\RQLF IHHGHUV î7 DV GHVFULEHG
SUHYLRXVO\ >@ XVLQJ VWDQGDUG +(6&PHGLXP NQRFNRXW
'XOEHFFR¶V0RGLILHG(DJOH¶V0HGLXP '0(0ZLWK
VHUXP UHSODFHPHQW  QRQHVVHQWLDO DPLQR DFLG VROXWLRQ
P0/*OXWDPLQHQJPOKXPDQE)*)DQGP0ȕ
PHUFDSWRHWKDQRO 6LJPD$OGULFK *LOOLQJKDP 8. 2QFH
UHPRYHG IURP OLTXLG QLWURJHQ VWRUDJH WKH FHOOV ZHUH
PDLQWDLQHGIRUSDVVDJHVDW&LQ&2ZLWKPHGLXP
FKDQJHVHYHU\GD\V$WHDFKSDVVDJHFHOOVZHUHVSOLWWR
PDLQWDLQ FXOWXUH RI XQGLIIHUHQWLDWHG FRORQLHV 5HJXODU
VFUHHQLQJLQWKHODERUDWRU\DW6KHIILHOG8QLYHUVLW\FRQILUPHG
WKDWWKHFHOOVXVHGLQWKLVVWXG\ZHUHNDU\RW\SLFDOO\QRUPDO
$53(FHOOVZHUHFXOWXUHGDVVWDQGDUGLQ7WLVVXHFXOWXUH
IODVNV ZLWK PHGLXP FRQWDLQLQJ '0(0) PL[ SOXV
*OXWDPD[ZLWKSHQLFLOOLQVWUHSWRP\FLQDQG)&6DW
&ZLWK&2&HOOVZHUHWU\SVLQLVHGDQGVHHGHGRQWR
PPGLVKHV$53(FHOOVZHUHVDPSOHGZKHQFRQIOXHQW
DWSDVVDJHIRUZHVWHUQEORWDQG57±3&5DQDO\VLV
*HQHUDWLRQ RI +(6&GHULYHG 53( 7R JHQHUDWH +(6&
GHULYHG 53( FHOOV ZH DOORZHG 6KHI FXOWXUHV WR JURZ WR
FRQIOXHQFH VR WKDW WKHERUGHUVRI LQGLYLGXDO FRORQLHV IXVHG
WRJHWKHU ,W WRRN DSSUR[LPDWHO\  ZHHN SRVWSDVVDJH WR
DFKLHYHWKLVFRQGLWLRQDIWHUZKLFKPHGLXPFKDQJHVEDVLF
+(6&PHGLXP PLQXV E)*) ZHUH SHUIRUPHG GDLO\
3LJPHQWHGIRFLIRUPHGLQWKHVXSHUFRQIOXHQW+(6&FXOWXUHV
± ZHHNV IROORZLQJ LPSOHPHQWDWLRQ RI WKH GDLO\ PHGLXP
FKDQJHUHJLPH7KHVHIRFLZHUHWKHQPHFKDQLFDOO\UHPRYHG
XVLQJ WKH WLS RI D SODVWLF SDVWHXU SLSHWWH DQG PLFURVXUJLFDO
EODGHV EHIRUH EHLQJ SODFHG RQWR  PP GLVKHV SUHFRDWHG
ZLWK0DWULJHO700DWUL[%'%LRVFLHQFHV2[IRUG8.7KH
LVRODWHGSLJPHQWHGIRFL±SHUGLVKZHUHFXOWXUHGIRUD
IXUWKHUZHHNVLQEDVLF+(6&PHGLXPPLQXVE)*)ZLWK
PHGLXPFKDQJHVHYHU\±GD\V7KHH[SDQVLRQRIDVXEVHW
RISLJPHQWHGIRFLUHVXOWHGLQWKHIRUPDWLRQRIGLVWLQFWSDWFKHV
RI53(PRQROD\HUVZLWKLQGLVKHVWKDWFRXOGEHXVHGLQWKH
SKDJRF\WRVLVDVVD\RUIRULPPXQRF\WRFKHPLVWU\7RDQDO\]H
FHOOH[SUHVVLRQSURILOHVE\:HVWHUQ%ORWDQG57±3&56KHI
FHOOVZHUHVDPSOHGEHIRUHE)*)UHPRYDOIRUWKH+(6&QRQ
SLJPHQWHGFRQWUROFHOOV+(6&13&HOOVZHUHDOVRVDPSOHG
DIWHU WKH IRUPDWLRQ RI SLJPHQWHG IRFL LQ VXSHUFRQIOXHQW
FXOWXUHIRUWKH+(6&GHULYHGSLJPHQWHG53(FHOOV+(6&
3
3KDJRF\WRVLVRI326LVRODWHGIURPSRUFLQHH\HV5HWLQDVIURP
IUHVKO\ VODXJKWHUHG SRUFLQH H\HV &KHDOH 0HDWV /WG
0ROHFXODU9LVLRQKWWSZZZPROYLVRUJPROYLVYD! 0ROHFXODU9LVLRQ

%UHQWZRRG 8. ZHUH GLVVHFWHG IUHH IURP WKH 53( XQGHU
VWHULOHFRQGLWLRQVDQG326LVRODWHGXVLQJDFRQWLQXRXVVXFURVH
JUDGLHQW DV SUHYLRXVO\ GHVFULEHG >@ 7KH 326 SHOOHW ZDV
UHVXVSHQGHGLQPOP0VRGLXPSKRVSKDWHDQGODEHOHG
ZLWK$OH[D)OXRU'\H,QYLWURJHQLQ0VRGLXP
ELFDUERQDWHVXFURVHLQDOLJKWWLJKWPLFURFHQWULIXJHWXEH
IRUKDWURRPWHPSHUDWXUH/DEHOHG326ZHUHWKHQZDVKHG
DQGUHVXVSHQGHGLQVWDQGDUG+(6&PHGLXPZLWKVXFURVH
326ZHUHWKHQVHHGHGRQWR+(6&GHULYHG53(PRQROD\HUV
JURZQ RQ 0DWULJHO 0DWUL[ DW [ 326PO &HOOV ZHUH
LQFXEDWHGDW&LQ&2IRUYDULRXVWLPHLQWHUYDOV7KH\
ZHUHWUHDWHGIRUPLQZLWKWU\SDQEOXHWRUHPRYHH[WHUQDO
IOXRUHVFHQFH WKHQ ZDVKHG &HOOV ZHUH IL[HG LQ FROG 
SDUDIRUPDOGHK\GHLQ03%6P01D&OP0
.&OP0.+32P01D+32IRUPLQDW
&)LQDOO\FHOOVZHUHZDVKHGWLPHVLQ03%6IRU
PLQ EHIRUH WKH\ ZHUH SURFHVVHG IRU LPPXQRF\WRFKHPLVWU\
DQGFRQIRFDOPLFURVFRS\
7R H[DPLQH WKH UROH RI 0(57. LQ SKDJRF\WRVLV ZH
LQFXEDWHG+(6&53(FHOOVZLWKUDEELWPRQRFORQDODQWLERG\
WR  0(57. RU  FRQWURO UDEELW ,J* ERWK $EFDP
&DPEULGJH 8. IRU  K 7KH PHGLXP ZDV UHPRYHG DQG
UHSODFHGZLWKPHGLXPFRQWDLQLQJIUHVKDQWLERG\DQGî
$OH[D )OXRU ODEHOHG 326PO RU î )OXRURVSKHUH
SRO\VW\UHQHEHDGVPO,QYLWURJHQ&HOOVZHUHWKHQLQFXEDWHG
IRUKXQGHUQRUPDOFXOWXUHFRQGLWLRQVWUHDWHGZLWKWU\SDQ
EOXHDQGIL[HG
3KDJRF\WRVLVRI326IURPKXPDQUHWLQD+(6&GHULYHG53(
FHOOVZHUHH[SDQGHGLQWRPRQROD\HUVRQ0DWULJHO0DWUL[
FRDWHG  PP  ȝP 0LOOLFHOO FXOWXUH SODWH LQVHUWV
0LOOLSRUH:DWIRUG8.SODFHGLQVLGHDZHOOWLVVXHFXOWXUH
GLVK +XPDQ QHXUDO UHWLQD H[SODQWV VXUSOXV WLVVXH IURP
VXUJHU\ DW 0RRUILHOGV (\H +RVSLWDO ZLWK IXOO ORFDO DQG
QDWLRQDO&25(&HWKLFDOSHUPLVVLRQIRUUHVHDUFKXVHZHUH
FROOHFWHG LQ EDVLF +(6&PHGLXP DQG RULHQWDWHG RQ D
ȝPILOWHUDVGHVFULEHGLQSUHYLRXVVHFWLRQVRWKDWWKH
326VXUIDFHZDVXSSHUPRVW7KHUHWLQDDQGLWVILOWHUVXSSRUW
ZHUH SODFHG RQWR WKH +(6&53( FHOOV VR WKDW WKH RXWHU
VHJPHQWV ZHUH DGMDFHQW WR WKH DSLFDO VXUIDFH RI FHOOV 7KH
ILOWHUV ZHUH KHOG WRJHWKHU XVLQJ D PP SODVWLF LQVHUW
6WDQGDUG+(6&PHGLXPZDVDGGHGWRWKHGLVKDQGWKHLQVHUW
ZHLJKWHG GRZQ XVLQJ WKH GLVK OLG 7KLV DUWLILFLDO H[ YLYR
V\VWHPZDVLQFXEDWHGIRUXSWRKDW&LQ&2DIWHU
ZKLFK WKH +(6&53( SOXV QHXUDO UHWLQD FRPSRVLWHV ZHUH
IL[HGIRULPPXQRF\WRFKHPLVWU\ZLWKSDUDIRUPDOGHK\GH
LQ0SKRVSKDWHEXIIHURUIRUHOHFWURQPLFURVFRS\ZLWK
 SDUDIRUPDOGHK\GH DQG  JOXWDUDOGHK\GH LQ  0
FDFRG\ODWHEXIIHU%HFDXVHRIWKHOLPLWHGVXSSO\RIPDWHULDO
VRPHH[SHULPHQWVZHUHUHSHDWHGZLWKSRUFLQHUHWLQDH[SODQWV
$IWHUIL[DWLRQ+(6&53(SOXVUHWLQDRQILOWHUVZHUHH[FLVHG
ZDVKHG LQ 3%6 DQG LPPHUVHG LQ  VXFURVH LQ 3%6
RYHUQLJKW7KH\ZHUHWKHQIUR]HQLQ7LVVXH7HN2&7
&RPSRXQG9:5/HLFHVWHUVKLUH8.ZLWKDQDFHWRQHGU\
LFHVOXUU\EHIRUHVHFWLRQLQJRQWRFKDUJHGJODVVVOLGHV9:5
3URFHVVLQJ IRU HOHFWURQ PLFURVFRS\ LV GHVFULEHG LQ WKH
(OHFWURQ0LFURVFRS\VHFWLRQ
,PPXQRF\WRFKHPLVWU\6HFWLRQVRI+(6&53(RUWKHGLVKHV
RI +(6&53(IHG RXWHU VHJPHQWV ZHUH SURFHVVHG IRU
LPPXQRF\WRFKHPLVWU\DVIROORZV$IWHUEORFNLQJIRUPLQ
LQ  QRUPDO GRQNH\ VHUXP 1'6 6WUDWHFK 1HZPDUNHW
8.LQ3%6FRQWDLQLQJ7ULWRQ;3%67;VDPSOHV
ZHUH LQFXEDWHG RYHUQLJKW LQ  DQWL1D. $73DVH
PRXVH PRQRFORQDO $EFDP  ȝJPO DQWLĮ9ȕ ,QWHJULQ
PRXVH PRQRFORQDO 0LOOLSRUH  DQWL0(57. UDEELW
PRQRFORQDO $EFDP LQ 3%67; SOXV  1'6 7KH
IROORZLQJGD\FHOOVZHUHZDVKHGLQ3%6EHIRUHDGGLWLRQRI
),7& 75,7& RU &\ODEHOHG DQWLPRXVH RU DQWLUDEELW
VHFRQGDU\DQWLERG\6WUDWHFKGLOXWHGZLWK1'6
&RXQWHUVWDLQLQJZLWK'$3,¶GLDPLQGLQRSKHQ\OLQGROH
GLK\GURFKORULGH6LJPDZDV IROORZHGE\ZDVKLQJ LQ3%6
DQG PRXQWLQJ LQ 9HFWDVKLHOG 9HFWRU /DERUDWRULHV /WG
3HWHUERURXJK 8. 2PLVVLRQ RI WKH SULPDU\ DQWLERG\
UHYHDOHGDQDEVHQFHRISRVLWLYHVWDLQLQJGDWDQRWVKRZQ7KH
XSWDNH RI IOXRUHVFHQW 326SRO\VW\UHQH EHDGV DQG
LPPXQRF\WRFKHPLFDO VWDLQLQJ ZDV DQDO\]HG XVLQJ D =HLVV
/60  FRQIRFDO PLFURVFRSH ZLWK /60 ,PDJH %URZVHU
VRIWZDUH&DUO=HLVV/WG:HOZ\Q*DUGHQ&LW\8.8QOHVV
RWKHUZLVH VWDWHG LPDJHV VKRZQ LQ ILJXUHV DUH VWDFNHG
FRQIRFDOSURMHFWLRQV7RTXDQWLI\OHYHOVRISKDJRF\WRVLVZH
DQDO\]HG±GLVWLQFWSDWFKHVRI+(6&53(FHOOVRULJLQDOO\
GHULYHG IURP GLIIHUHQW SLJPHQWHG IRFL IRU HDFK WLPH SRLQW
VWXGLHGUDQJLQJIURPKWRK,QHDFKFDVHLPDJHVZHUH
WDNHQEOLQGDQGWKHWRWDOQXPEHUVRIIOXRUHVFHQW326RUEHDGV
FRXQWHG ZLWKLQ WKH ; PDJQLILFDWLRQ FRQIRFDO ILHOG
ȝPîȝP&OXPSVRI326VHSDUDWHGE\PRUHWKDQ
ȝPZHUHFRXQWHGDVVHSDUDWHHQWLWLHV
(OHFWURQPLFURVFRS\$IWHUIL[DWLRQLQWKHSDUDIRUPDOGHK\GH
DQG JOXWDUDOGHK\GH PL[WXUH VDPSOHV ZHUH IL[HG LQ 
RVPLXP WHWUR[LGH LQ FDFRG\ODWH EXIIHU 7KH\ ZHUH WKHQ
GHK\GUDWHGLQDJUDGHGVHULHVRIDOFRKROVDQGHSR[\SURSDQH
EHIRUH EHLQJ HPEHGGHG LQ $UDOGLWH &< UHVLQ $JDU
6FLHQWLILF 6WDQGVWHG 8. 8OWUDWKLQ VHFWLRQV ZHUH VWDLQHG
ZLWK XUDQ\O DFHWDWH DQG OHDG FLWUDWH DQG YLHZHG ZLWK D
-RHO HOHFWURQ PLFURVFRSH -RHO 8. /WG :HOZ\Q
*DUGHQ&LW\8.
:HVWHUQEORW&HOOVZHUHSODFHGRQLFHZDVKHGZLWKFROG3%6
&HOOVZHUHO\VHGRQDWXEHURWDWRUIRUPLQDW&LQDO\VLV
EXIIHU WKDWFRQWDLQHGP0+(3(67ULWRQP0
.&OP0306)QJPOOHXSHSWLQP0'77QJPO
DSURWLQLQ  P0 1D) DQG  ȝ0 VRGLXP YDQDGDWH
6DPSOHVZHUHFHQWULIXJHGDW[JIRUPLQDW&DQG
WKHVXSHUQDWDQWUHFRYHUHG7KHSURWHLQFRQFHQWUDWLRQIRUHDFK
VXSHUQDWDQW ZDV GHWHUPLQHG XVLQJ %LRUDG 3URWHLQ DVVD\
UHDJHQW%LRUDG+HPHO+HPSVWHDG8.EHIRUHGLOXWLRQ LQ
VDPSOH EXIIHU DQG GHQDWXUDWLRQ DW  & IRU  PLQ (TXDO
DPRXQWVRISURWHLQZHUHVHSDUDWHGRQDQ6'6±3$*(JHODQG
WUDQVIHUUHGRQWR+\ERQG39')PHPEUDQH *(+HDOWKFDUH
0ROHFXODU9LVLRQKWWSZZZPROYLVRUJPROYLVYD! 0ROHFXODU9LVLRQ

Life Sciences, Buckinghamshire UK). Membranes were
incubated for 2 h in a blocking solution that contained 10%
milk in PBS and 0.05% Tween-20. They were then incubated
overnight at 4 °C with 1:500 anti-MERTK (rabbit
monoclonal, Abcam), 0.1 ȝJPO anti-FAK (rabbit polyclonal,
Stratech), 0.4 ȝJPO anti-Į9 integrin (mouse monoclonal;
Stratech), and 0.4 ȝJPO anti-ȕ integrin (goat polyclonal;
Stratech). Membranes were twice washed for 15 min in PBS
and 0.05% Tween-20 before addition of secondary HRP-
conjugated antibodies (Dako, Ely UK) in 10% milk, PBS, and
0.05% Tween-20. After 1 h the membranes were washed twice
for15 min in PBS and 0.05% Tween-20 before they were
incubated in LumiLight western blotting solution (Roche
Products Ltd., Welwyn Garden City, UK). Proteins were
detected with autoradiographic film. Blots were stripped using
8 M guanidium-HCl and reprobed using 1:1000 anti-GAPDH
(goat polyclonal; Everest Biotech Ltd., Oxfordshire UK).
Gene expression analysis: RNA was extracted from cells
using TRIzol reagent (Invitrogen) according to the
manufacturers protocol and contaminating DNA removed
using RQ1 RNase-free DNase (Promega, Southampton, UK).
First strand cDNA synthesis was performed from 3 ȝJ total
RNA using Superscript Reverse Transcriptase III
(Invitrogen). Genomic control reactions for each RNA sample
were included by omitting the reverse transcriptase, and a no
template control, containing all the first strand synthesis
reagents but lacking RNA template, was also prepared.
PCR was performed on the reverse transcription and
control reactions using Go Taq Polymerase (Promega) with
0.2 ȝ0 of gene-specific primer (Eurofins MWG Operon,
Ersberg, Germany) in a PCR Mastercyler® (Eppendorf,
Cambridge UK). Briefly 1 ȝO cDNA was initially denatured
at 95 °C for 2 min and amplified by 35 cycles of denaturation
at 95 °C for 30 s, annealing at 3 °C lower than the melting
temperature (Tm) for 30 s, and elongation at 72 °C for 30 s.
PCR was completed with a final elongation step at 72 °C for
5 min. All products were resolved on 2% agarose gels with a
100 bp DNA ladder (Promega). Details of gene-specific
primers can be found in Table 1.
RESULTS
Phagocytosis of POS isolated from porcine retina: To address
the ability of HESC-derived RPE cells to phagocytose outer
segments we exposed cells to fluorescently labeled POS
isolated from porcine retina in culture. After 4 h there was
uniform uptake of POS across the pigmented HESC-derived
RPE cell monolayer (Figure 1A,B). To ensure that labeled
POS were internalized we examined y-axis sections through
cells. Confocal microscopy imaging of cells exposed to outer
segments and immunostained for the RPE cell apical surface
marker Na+.+ ATPase demonstrated that these cells actively
internalize outer segments. Fluorescently labeled outer
segments are observed within the apical region of the cell
(Figure 1C,D), and inside the cell, proximal to the DAPI
stained nucleus (Figure 1E). Labeled POS were observed in
RPE cells at all time points examined (0.5 h–20 h).
Representative images from 1 h and 20 h are shown in Figures
2A,B alongside respective Nomarski images (Figure 2C,D).
Increasing numbers of outer segments are internalized by
HESC-derived RPE over time (Figure 2E, p<0.001, One-way
$129$
Role of MERTK in HESC-RPE phagocytosis: HESC-RPE
cells expressed two key molecules known to be involved in
phagocytosis by RPE cells: MERTK and Į9ȕ integrin
(Figure 3A,B respectively). MERTK is expressed throughout
the cytoplasm and in the apical microvilli while Į9ȕ integrin
TABLE 1. PCR PRIMER SEQUENCES
mRNA )RUZDUGSULPHUƍíƍ 5HYHUVH3ULPHUƍíƍ Tm
Amplicon
size Accession No
Itgav CCTGTGCCTGTGTGGGTGAT GGTGGCCGGACCCGTTTA 58 110 NM_002210
Itgb5 CGAGCGTGGGCACTGTCTCT GCAGGCACTCGACGCAATCT 58 128 NM_002213
CD36 TGCAGCCTCATTTCCACCTT CAAAGGCCTTGGATGGAAGA 54 151 NM_001001547
CD81 TCTGGAGCTGGGAGACAAGC GGATGACCAGGCAGGTGAAG 58 163 NM_004356
Ctsd AGCTGGGAGGCAAAGGCTAC CCCTGTTGTTGTCACGGTCA 56 188 NM_001909
Cltc CGTCACTGCACTCCATCCTG ACCCACAGGGTCTCCACAGA 58 270 NM_004859
Clta AGAGCCACCCTGTGGAAACA GCTTCCCTCCCCTTCCTCTT 56 215 NM_001833
Cltb AACGGTCCTGCTGATGGCTA CACTCTGTGCCTGGGGTCTC 56 280 NM_001834
Fak ATGTGACGGGCCTGGTGAAAGG TGGGTGCTGGCTGGTAGGAG 58 160 AY323812
Gas6 GCGGAATCTGGTCATCAAGG TCAGCCAGTTCCAGCTCCTC 56 199 NM_000820
MerTK GTGAGGCAGCGTGCATGAAAG GGGCTTTGGGATGCCTTGAG 58 95 NM_006343
Mfge8 CTTGGCTTCTCAGCCCCTTT GTGAGGACTGGGGGTTAGGG 56 209 NM_005928
ProS1 CGGAAAATGGATTGCTGGAA ACCAGAAACCAAGGCAAGCA 52 340 NM_000313
Tbp GAACCACGGCACTGATTTTC CCCCACCATATTCTGAATCT 52 157 NM_003194
Primers were designed to amplify human sequences for DOSKD9 integrin (Itgav), ȕintegrin (Itgb5), CD36 molecule (CD36),
CD81 molecule (CD81), Cathepsin D (Ctsd), Clatherin - heavy chain (Cltc), and light chains, (Clta and Cltb), Focal Adhesion
Kinase (Fak), Growth arrest specific gene 6 (Gas6), Mer Tyrosinse Kinase (MerTK), Milk fat globule-EGF factor 8 protein
(Mfge8), Protein S (ProS1), and TATA box binding protein (Tbp).
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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LV H[SUHVVHG WRZDUG WKH FHOO VXUIDFH )LJXUH $% 7R
H[DPLQHWKHUROHRI0(57.LQSKDJRF\WRVLVE\+(6&53(
FHOOVZHXVHGD0(57.DQWLERG\WREORFNUHFHSWRUIXQFWLRQ
+(6&53(FHOOV H[SRVHG WR0(57.DQWLERGLHV VKRZHGD
VLJQLILFDQWUHGXFWLRQLQWKHQXPEHURI326LQJHVWHGRYHUD
K SHULRG FRPSDUHG WR FRQWURO FHOOV )LJXUH &(, S
6WXGHQWWWHVW8QGHUWKHVDPHFRQGLWLRQVWKHQXPEHURIODWH[
EHDGVLQJHVWHGE\+(6&53(FHOOVUHPDLQHGXQDIIHFWHGE\
LQFXEDWLRQ ZLWK 0(57. DQWLERGLHV )LJXUH )+ S!
6WXGHQWWWHVW
+(6&GHULYHG53(FHOOVH[SUHVVPROHFXOHVDVVRFLDWHGZLWK
SKDJRF\WRVLVRI326:HQH[WLQYHVWLJDWHGWKHH[SUHVVLRQRI
PROHFXOHV SURSRVHG WR EH LQYROYHG LQ WKH 326 VSHFLILF
SDWKZD\ LQ +(6&53( FHOOV XVLQJ 3&5 DQG ZHVWHUQ EORW
)LJXUH+(6&3+(6&13DQG$53(FHOOVH[SUHVV
PDQ\RIWKHP51$VRIPROHFXOHVDVVRFLDWHGZLWKWKHELQGLQJ
RIRXWHUVHJPHQWVLQFOXGLQJ,WJDYDQG,QWE&G&GDQG
0IJH)LJXUH&HOOVDOVRH[SUHVVPROHFXOHVLPSOLFDWHGLQ
WKHLQWHUQDOL]DWLRQDQGGHJUDGDWLRQRIRXWHUVHJPHQWV*DV
)DN3URV&WVGDQG&OWDEDQGF7KHJHQHUHTXLUHGE\
53(FHOOVIRU326VSHFLILFLQWHUQDOLVDWLRQ0HUWNLVH[SUHVVHG
LQ+(6&3DQG+(6&13FHOOVKRZHYHUWKHP51$IRUWKLV
JHQHFRXOGQRWEHDPSOLILHGIURP$53(FHOOV7KLVILQGLQJ
ZDV FRQILUPHG DW WKH SURWHLQ OHYHO XVLQJ ZHVWHUQ EORWWLQJ
)LJXUH%0(57.ZDVH[SUHVVHGLQ+(6&3DQGDWORZHU
OHYHOVLQ+(6&13EXWZDVDEVHQWLQ$53(FHOOV)$.
)LJXUH+(6&GHULYHG53(FHOOVLQWHUQDOL]HIOXRUHVFHQWO\ODEHOHG326LVRODWHGIURPWKHSRUFLQHH\H$7KHSLJPHQWHGPRQROD\HURI+(6&
GHULYHG53(ELQGVODEHOHG326JUHHQ%$1RPDUVNLLPDJHVKRZLQJSLJPHQWHG+(6&GHULYHG53(RYHUODLGZLWK$OH[D)OXRU
ODEHOHGSRUFLQH326(YLGHQFHRILQWHUQDOL]DWLRQRIRXWHUVHJPHQWVLVFOHDUE\K&'$OH[D)OXRUODEHOHGSRUFLQH326DUHDVVRFLDWHG
ZLWKWKHDSLFDOVXUIDFHRI+(6&GHULYHG53(GHOLQHDWHGE\75,7&ODEHOHG1D.$73DVHLPPXQRVWDLQLQJ'(326DUHLQJHVWHGE\WKH
FHOOVDQGDUHORFDWHGFORVHWRWKH+(6&GHULYHG53(QXFOHL'$3,VWDLQHGEOXH3KRWRPLFURJUDSKVLQ&(DUHVLQJOH\D[LVFRQIRFDORSWLFDO
VOLFHVȝPIURPVHSDUDWH+(6&53(VDPSOHV,Q$%VFDOHEDUVHTXDOȝPLQ&(VFDOHEDUVHTXDOȝP
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,7*$9DQG,7*%ZHUHGHWHFWHGLQDOOFHOOVH[DPLQHG)XOO
OHQJWK0HUWNF'1$ZDVVHTXHQFHGIURPWKH+(6&GHULYHG
53(FHOOVDQGIRXQGWREHQRUPDOGDWDQRWVKRZQ
3KDJRF\WRVLV RI KXPDQ 326 LQ D QRYHO LQ YLWUR DVVD\ 7R
DVVHVV WKH SRWHQWLDO RI +(6&GHULYHG 53( WR SKDJRF\WRVH
RXWHUVHJPHQWVIURPKXPDQUHWLQDZHGHVLJQHGDQRYHOLQYLWUR
DVVD\8VLQJKXPDQUHWLQDOWLVVXHVXSSOLHGE\0RRUILHOGV(\H
+RVSLWDOZHFRQVWUXFWHGDQDUWLILFLDOH[YLYR53(DQGQHXUDO
UHWLQDPRGHOV\VWHP0RQROD\HUVRI+(6&GHULYHG53(FHOOV
FXOWXUHG RQ 0DWULJHOFRDWHG ILOWHUV ZHUH H[SRVHG WR WKH
SKRWRUHFHSWRU FHOO OD\HU RI UHWLQD WLVVXH H[SODQWV &RQWDFW
EHWZHHQ WKH 53( DQG SKRWRUHFHSWRU RXWHU VHJPHQWV ZDV
PDLQWDLQHGE\KROGLQJ WKH OD\HUV WRJHWKHUZLWKLQ WKH WLVVXH
FXOWXUHGLVKZLWKDSODVWLFLQVHUWZHLJKHGGRZQE\WKHGLVKOLG
$ VFKHPDWLF RI WKLV V\VWHP LV VKRZQ LQ )LJXUH $ 8VLQJ
SRUFLQHUHWLQDH[SODQWVIRULQLWLDOVWXGLHVZHFRXOGVHHWKDW
)LJXUH  ,QFUHDVLQJ QXPEHUV RI
IOXRUHVFHQWO\ ODEHOHG SRUFLQH 326 DUH
SKDJRF\WRVHG E\ +(6&GHULYHG 53(
RYHU WLPH $ PRQROD\HU RI +(6&
GHULYHG53(FHOOVZDVH[SRVHGWR$OH[D
)OXRU ODEHOHG SRUFLQH 326
WUHDWHG ZLWK WU\SDQ EOXH WR UHPRYH
IOXRUHVFHQW QRQLQWHUQDOL]HG 326
ZDVKHG IL[HG DQG SURFHVVHG IRU
LPPXQRF\WRFKHPLVWU\ 5HSUHVHQWDWLYH
PLFURJUDSKVDUHVKRZQIURP$KDQG
%  K WRJHWKHU ZLWK UHVSHFWLYH
1RPDUVNL LPDJHV & DQG ' $OH[D
)OXRUODEHOHG326DUH LQJUHHQ
6FDOH EDUV HTXDO  ȝP ( ,QFUHDVHG
LQWHUQDOL]DWLRQ RI 326 ZDV REVHUYHG
RYHUWLPH'DWDVKRZQDUHPHDQ6(0
S 2QHZD\ $129$ ZLWK
%RQIHUURQLPXOWLFRPSDULVRQWHVWQ 
KYHUVXVKSKYHUVXV
KSKYHUVXVKSK
YHUVXVKS
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+(6&GHULYHG 53( FHOO DQG UHWLQD WLVVXH PRUSKRORJ\ ZDV
PDLQWDLQHGZLWKLQ WKLVV\VWHPDIWHUKFRFXOWXUH)LJXUH
% ,Q WKLV SUHSDUDWLRQ ZH DOVR VKRZHG WKDW UKRGRSVLQ D
PROHFXOH IRXQG LQ DEXQGDQFH LQ URG RXWHU VHJPHQWV ZDV
LQWHUQDOL]HGE\+(6&53(FHOOV)LJXUH&(7KHFRQIRFDO
SURMHFWLRQDQGVLQJOHFRQIRFDORSWLFDOVOLFHVGHPRQVWUDWHGWKDW
UKRGRSVLQ ZDV ORFDOL]HG ZLWKLQ WKH SLJPHQWHG FHOOV DIWHU
H[SRVXUH WR WKH RXWHU VHJPHQW VXUIDFH RI D SRUFLQH UHWLQD
H[SODQW
+(6&GHULYHG 53( ZHUH H[SRVHG WR VPDOO SLHFHV RI
KXPDQUHWLQDH[SODQWLQRXUPRGHOV\VWHPIRUXSWRK$V
D FRQWURO +(6&GHULYHG 53( ZHUH FXOWXUHG ZLWKRXW WKH
H[SODQW IRU WKH VDPH SHULRG EHIRUH DQDO\VLV E\ HOHFWURQ
PLFURVFRS\&RQWURO+(6&GHULYHG53(FHOOVQRWH[SRVHG
WRKXPDQUHWLQDFORVHO\UHVHPEOH53(FHOOVPLFURYLOOLZHUH
SUHVHQWDW WKHDSLFDO VXUIDFHDQGPHODQLQSLJPHQWJUDQXOHV
ZHUHHYLGHQWWKURXJKRXWWKHF\WRSODVPRIWKHFHOO)LJXUH$
+(6&GHULYHG 53( FHOOV H[SRVHG WR KXPDQ UHWLQD WLVVXH
UHDGLO\ ERXQG 326 )LJXUH % 0LFURYLOOL RQ WKH DSLFDO
VXUIDFH RI WKH FHOO H[WHQGHG DURXQG WKH 326 )LJXUH &
OHDGLQJWRLWVLQWHUQDOL]DWLRQ)LJXUH'8QOLNHWKHFRQWURO
+(6&53( WKH +(6&53( LQ FRQWDFW ZLWK UHWLQD KDG
QXPHURXVOLSLGLQFOXVLRQVXVXDOO\ZLWKLQWKHEDVDOSRUWLRQRI
WKHFHOOFORVH WR WKHQXFOHXV )LJXUH%(6LPLODU UHVXOWV
ZHUHREWDLQHGIRU+(6&53(FRFXOWXUHGZLWKSRUFLQHUHWLQD
GDWD QRW VKRZQ &RFXOWXUH ZLWK KXPDQ UHWLQD LQ WKLV
SUHSDUDWLRQOHGWRDOWHUDWLRQVLQWKHPRUSKRORJ\RIWKH+(6&
GHULYHG 53( FHOOV QRUPDOO\ DVVRFLDWHG ZLWK PDWXUDWLRQ
8QGHUWKHVHFRQGLWLRQVWKHLQFUHDVHGQXPEHUDQGOHQJWKRI
DSLFDO PLFURYLOOL ZHUH DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH
QXPEHU RI PHODQLQ JUDQXOHV DQG SUHPHODQRVRPHV DQG D
JUHDWHU GHJUHH RI FHOO SRODUL]DWLRQ SLJPHQW JUDQXOHV ZHUH
)LJXUH  +(6&53( FHOOV UHTXLUH
0(57.IRUWKHLQWHUQDOL]DWLRQRI326
+(6&53(FHOOVH[SUHVVWKHSKDJRF\WLF
SURWHLQV $ 0(57. DQG % Į9ȕ
LQWHJULQ7RGHWHUPLQHWKHLPSRUWDQFHRI
0(57.LQWKHSKDJRF\WRVLVRI326ZH
WUHDWHG +(6&53( FHOOV ZLWK FRQWURO
,J*&DQG)RU0(57.DQWLERG\'
DQG*IRUKEHIRUHH[SRVXUHWR$OH[D
)OXRUODEHOHGSRUFLQH326&DQG
'RUIOXRUHVFHQWSRO\VW\UHQHEHDGV)
DQG*IRUK&HOOVZHUHWUHDWHGZLWK
WU\SDQ EOXH ZDVKHG DQG IL[HG 7KH
QXPEHU RI LQWHUQDOL]HG 326 ( DQG
IOXRUHVFHQW EHDGV + ZDV WKHQ
TXDQWLILHGSHUILHOGYLHZȝPî
ȝP'DWDVKRZQDUHPHDQ6(0Q 
3UHLQFXEDWLRQ ZLWK 0(57. DQWLERG\
KDGDVLJQLILFDQWHIIHFWRQWKHQXPEHURI
RXWHUVHJPHQWVLQJHVWHGE\+(6&53(
FHOOVS6WXGHQWWWHVWQ 7KHUH
ZDVQRHIIHFWRI0(57.DQWLERG\RQ
WKHLQJHVWLRQRISRO\VW\UHQHEHDGVE\WKH
FHOOV S! 6WXGHQW WWHVW Q 
3KRWRPLFURJUDSKV DUH VLQJOH FRQIRFDO
RSWLFDO VOLFHV PHUJHG ZLWK 1RPDUVNL
LPDJH  ȝP 6FDOH EDUV HTXDO 
P0(57. LV ODEHOHGZLWK&\ DQG
FRXQWHUVWDLQHG ZLWK '$3, Į9ȕ LV
ODEHOHGZLWK),7&
0ROHFXODU9LVLRQKWWSZZZPROYLVRUJPROYLVYD! 0ROHFXODU9LVLRQ

FRQFHQWUDWHGWRZDUGWKHDSLFDOVXUIDFH)LJXUH%&RDWHG
SLWV)LJXUH)DQGVKRZQDWKLJKPDJQLILFDWLRQ LQ)LJXUH
*FRDWHGYHVLFOHVZLWKLQWKHF\WRSODVPRIWKHFHOO)LJXUH
+DQGWKHSUHVHQFHRIPRUHSURQRXQFHGLQIROGLQJLQWKH
EDVHPHQW PHPEUDQH )LJXUH , ZHUH DOVR HYLGHQW LQ WKH
+(6&GHULYHG53(H[SRVHGWRKXPDQUHWLQD
',6&866,21
$0' LV D FRQGLWLRQ DVVRFLDWHG ZLWK WKH SURJUHVVLYH
G\VIXQFWLRQ RI 53( FHOOV OHDGLQJ WR WKH GHDWK RI
SKRWRUHFHSWRUVDQGHYHQWXDOFHQWUDOYLVLRQORVV7KH53(LVD
PRQROD\HURIFHOOVZKLFKXQGHUOLHVWKHUHWLQDDQGDVVXFKLW
RIIHUVDQDFFHVVLEOHWDUJHWVLWHIRUWUHDWPHQWRI$0'3URRI
RIFRQFHSWIRUWKHXVHRIKXPDQFHOOVLQJUDIWLQJWRSUHVHUYH
YLVXDO IXQFWLRQKDVEHHQGHPRQVWUDWHG LQ VWXGLHV LQYROYLQJ
WUDQVSODQWDWLRQRIYDULRXVFHOOW\SHVLQWRWKHVXEUHWLQDOVSDFH
RI G\VWURSKLF DQLPDOV >@ LQFOXGLQJ 53( >@ DQG LQ
)LJXUH+(6&GHULYHG53(FHOOVH[SUHVVPROHFXOHVUHTXLUHGIRU
326VSHFLILFSKDJRF\WRVLV$57±3&5DQDO\VLVRIJHQHH[SUHVVLRQ
LQ +(6&GHULYHG 53( FHOOV +(6&53( FRQWURO QRQSLJPHQWHG
+(6& +(6&&RQWURO DQG WKH KXPDQ 53( FHOO OLQH $53(
F'1$ZDVV\QWKHVL]HGIURPȝJRI51$LQDȝOUHDFWLRQIURP
ZKLFKȝOZDVXVHGIRU3&5DPSOLILFDWLRQ/DQHVWRWKHULJKWRIHDFK
VDPSOHDUHJHQRPLF'1$FRQWUROUHDFWLRQVZKLFKODFNHGWKHUHYHUVH
WUDQVFULSWDVHGXULQJF'1$V\QWKHVLV17&LVDQR51$WHPSODWH
VDPSOHWRFRQWUROIRUQRQVSHFLILFDPSOLILFDWLRQ$OO3&5UHDFWLRQ
SURGXFWVZHUHUHVROYHGE\DJDURVHJHOHOHFWURSKRUHVLV3&5SULPHU
VHTXHQFHVDPSOLFRQVL]HDQGPHOWLQJWHPSHUDWXUHVDUHGHVFULEHGLQ
7DEOH7ESZDVDPSOLILHGLQDOOVDPSOHVDVDKRXVHNHHSLQJFRQWURO
JHQH % ZHVWHUQ EORW DQDO\VLV RI SURWHLQ H[SUHVVLRQ LQ +(6&3
+(6&13 DQG $53( FHOOV (TXDO DPRXQWV RI SURWHLQ ZHUH
UHVROYHGRQDQ6'6±3$*(JHO WUDQVIHUUHGRQWRPHPEUDQHVDQG
K\EULGL]HGZLWKDQWLERGLHVIRU0(57.N'DIRFDODGKHVLRQ
NLQDVH)$.N'DĮ9LQWHJULQ±N'DDQGȕLQWHJULQ
N'D0HPEUDQHVZHUHVWULSSHGDQGUHSUREHGZLWK*$3'+
N'DDVDORDGLQJFRQWURO
KXPDQ 53( WUDQVSODQWDWLRQ WULDOV >@ 7KH SOXULSRWHQW
SRWHQWLDORIHPEU\RQLFVWHPFHOOVPDNHVWKHPDQLGHDOVRXUFH
RI PDWHULDO IRU XVH LQ UHJHQHUDWLYH PHGLFLQH DQG FHOOXODU
WKHUDS\6HYHUDOSDSHUVKDYHGHVFULEHGWKHSRWHQWLDORI+(6&
WRGLIIHUHQWLDWHLQWR53(FHOOVLQYLWUR>@,QFXOWXUHVWHP
FHOOV GLIIHUHQWLDWH WR IRUP PRQROD\HUV RI SLJPHQWHG
FREEOHVWRQHOLNHFHOOV WKDWH[SUHVVPDUNHUVVSHFLILF WR53(
FHOOV LQFOXGLQJ EHVWURSKLQ &5$/%3 DQG 53( >@
&HOOVDUHDOVRSRODUL]HGZLWKPLFURYLOOLREVHUYHGLQWKHDSLFDO
SRUWLRQRIWKHFHOODQGWKHIRUPDWLRQRIDEDVHPHQWPHPEUDQH
$OWKRXJK IXQFWLRQDO DQDO\VLV RI +(6&GHULYHG 53(
GHPRQVWUDWHV WKDW WKH\ DUH FDSDEOH RI SKDJRF\WRVLQJ ODWH[
EHDGV>@LQYLYR53(FHOOVZLOOQRUPDOO\SKDJRF\WRVHRQO\
326 'HVSLWH WKH FKDUDFWHUL]DWLRQ RI +(6&GHULYHG 53(
SUHYLRXVVWXGLHVKDYHQRWDGGUHVVHGWKHSKDJRF\WRVLVRI326
7KHSKDJRF\WRVLVRI326 LVFUXFLDO IRU WKHVXUYLYDORI
SKRWRUHFHSWRU FHOOV G\VIXQFWLRQ LQ WKLV SURFHVV OHDGV WR
FOLQLFDO GLVRUGHUV FKDUDFWHUL]HG E\ WKH GHJHQHUDWLRQ RI WKH
UHWLQD DQG HYHQWXDO EOLQGQHVV +HUH XVLQJ FRQIRFDO
PLFURVFRS\ ZH VKRZHG WKDW PRQROD\HUV RI +(6&GHULYHG
53(FHOOVDUHDEOHWRELQGDQGLQWHUQDOL]HIOXRUHVFHQWO\ODEHOHG
SRUFLQH326DQGRXWHUVHJPHQWVIURPDSLJUHWLQDH[SODQWDV
LQGLFDWHG E\ WKH LQFRUSRUDWLRQ RI UKRGRSVLQSRVLWLYH 326
IUDJPHQWVZLWKLQWKHFHOOV2YHUWLPHWKHUHZDVDFRQWLQXDO
LQFUHDVH LQ WKH QXPEHU RI IOXRUHVFHQWO\ ODEHOHG 326
DVVRFLDWHGZLWK+(6&GHULYHG53(FHOOV1R VDWXUDWLRQRI
LQJHVWLRQ ZDV REVHUYHG RYHU WKH  K SHULRG RI H[SRVXUH
ZKLFKLVLQDJUHHPHQWZLWKVWXGLHVRISKDJRF\WRVLVLQSULPDU\
KXPDQ53(FHOOFXOWXUHV>@
2IVSHFLILFLQWHUHVWZKHQDVVHVVLQJFHOOVIRUXVHLQKXPDQ
FOLQLFDOUHWLQDOWKHUDSLHVLVWKHLUDELOLW\WRSKDJRF\WRVHKXPDQ
326 'XH WR WKH OLPLWHG VXSSO\ RI YLDEOH UHWLQD WLVVXH ZH
GHVLJQHGDQRYHODVVD\ZKHUHE\IUHVKKXPDQUHWLQDH[SODQWV
ZHUHFRFXOWXUHGZLWK+(6&GHULYHG53(FHOOVLQDQH[YLYR
PRGHO V\VWHP 8VLQJ HOHFWURQ PLFURVFRS\ ZH VKRZHG
SKDJRF\WRVLVRI326IURPKXPDQUHWLQDOWLVVXHE\WKH+(6&
GHULYHG53(:HKDYHEHHQDEOHWRREVHUYHYDULRXVVWDJHVRI
SKDJRF\WRVLVLQFOXGLQJWKHLQWHUDFWLRQRIWKH326ZLWKDSLFDO
PLFURYLOOLDQGWKHLUHQJXOIPHQWLQWRWKHFHOO$IWHUKLQFR
FXOWXUH ZLWK WKH UHWLQD QXPHURXV OLSLG LQFOXVLRQV ZHUH
REVHUYHG ZLWKLQ WKH EDVDO SRUWLRQV RI FHOOV LQGLFDWLYH RI
WHUPLQDO VWDJHV RI VHJPHQW GLJHVWLRQ ,Q IXWXUH LW ZLOO EH
LPSRUWDQWWRH[DPLQHSKDJRF\WRVLVRI326E\53(FHOOVDIWHU
WUDQVSODQWDWLRQ LQWR DQLPDO PRGHOV RI UHWLQDO G\VWURSK\ WR
GHPRQVWUDWH WKDW SKRWRUHFHSWRU VXUYLYDO LV GXH WR 53(
VSHFLILFIXQFWLRQVE\GRQRUFHOOVUDWKHUWKDQWRJURZWKIDFWRU
PHGLDWHGUHVFXH
3KDJRF\WRVLVRI326E\53(FHOOVLVDFRPSOH[SURFHVV
DQGDV\HWWKHIXOOPHFKDQLVPVUHVSRQVLEOHUHPDLQXQFOHDU
6HYHUDO JHQHV LPSOLFDWHG LQ WKH WKUHH VWDJHV RI 53(
SKDJRF\WRVLV UHFRJQLWLRQ LQJHVWLRQ DQG GLJHVWLRQ DUH
H[SUHVVHGLQ+(6&GHULYHG53(DQGFRQWUROFHOOVLQFOXGLQJ
ĮYLQWHJULQDQGȕLQWHJULQ&GDQG&GFDWKHSVLQ'WKH
0ROHFXODU9LVLRQKWWSZZZPROYLVRUJPROYLVYD! 0ROHFXODU9LVLRQ
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Figure 5. A novel in vitro assay to assess phagocytic activity in HESC-derived RPE cells. A: A schematic illustration of the novel in vitro
retinal explant model system used to analyze phagocytosis. HESC-derived RPE cells were cultured on a Matrigel™-coated filter and exposed
to the photoreceptor side of human or pig retina placed on a filter. The RPE-retina “sandwich” was cultured in HESC medium and held together
by a plastic insert weighted down by the 6-well plate lid. B: A Nomarski image of HESC-derived RPE exposed to a porcine retina explant
for 48 h in vitro. The nuclei of cells are stained with DAPI (blue). The outer nuclear layer (ONL), indicating the rod and cone nuclei, and inner
nuclear layer (INL), specifying the amacrine, bipolar, and horizontal cell layers are labeled. C-E: Immunohistochemical staining for rhodopsin
in HESC-derived RPE cells exposed to porcine retina for 48 h in the novel retinal explant system. C is a confocal projection and D-E are
single confocal slices (<0.8 ȝP merged with the Nomarski image. The rhodopsin staining (TRITC labeled) observed within pigmented HESC-
derived RPE cells is indicative of POS phagocytosis. The nucleus is stained with DAPI (blue). Scale bar in B equals 50 µm; scale bar in C,
D, and E equals 20 µm.
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clathrin heavy and light chains, focal adhesion kinase, Gas6,
MerTK, Mfge8, and ProS. We have also confirmed the
expression of Į9ȕ0(57.DQG)$.SURWHLQVE\WKHFHOOV
using western EORW and immunocytochemistry. Control +(6&
also express this range of molecules which indicates that, once
confluent, non-pigmented precursors expressing 53( cell
markers are present within the population of cells EHIRUH the
removal of E)*) 7KHVH precursors can EH identified using
the DQWLERG\ 3PHO which stains pre-melanosomes [4]. Of
particular interest to us is the expression of full-length
)LJXUH 6. (OHFWURQ microscopy of +(6&GHULYHG 53( cells after exposure to human retinal explant in vitro. A: Control +(6&GHULYHG 53(
cells, which were not exposed to human retina, have apical microvilli $0Y and contain melanin granules (white DUURZVB:+(6&GHULYHG
53( exposed to the photoreceptor surface of human retina for 48 h appear more mature. Note the close association of the 53( apical microvilli
with the photoreceptor outer segment 26 the DEXQGDQFH of pigmented melanin granules within the apical region of the cell, the nucleus 1
and the numerous lipid deposits / located toward the EDVDO portion of the cell. C: $SLFDO microvilli surround a human photoreceptor outer
segment. D: $Q outer segment is engulfed E\ the +(6&GHULYHG 53( cell. E: $ high magnification image of lipid deposits / REVHUYHG in
the EDVDO portion of a +(6&GHULYHG 53( after exposure to human retina. 7KH formation of lipid deposits is indicative of the end stages of
phagocytosis. 6HYHUDO features associated with 53( cell function are present in the cells including (F tight junctions EODFN DUURZ and coated
pits (red ER[ indicated with arrows at higher magnification in G  Cells  also  contain  a high QXPEHU of coated vesicles within the apical
 portion of the cell (HDQGGHYHORSEDVDOHQGIHHWDQGLQIROGLQJRIWKHEDVDOPHPEUDQHI6FDOHEDUVHTXDOȝPLQ A-C ȝPLQ D-F, I
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DQGQPLQG,H.
, 
N'D0(57.LQ+(6&GHULYHG53(FHOOVZKLFKZH
KDYHGHPRQVWUDWHGWREHFUXFLDOWRWKHVSHFLILFSKDJRF\WRVLV
RI RXWHU VHJPHQWV 8VLQJ DQ DQWLERG\ DJDLQVW 0(57. WR
EORFNIXQFWLRQLQKLELWVWKHXSWDNHRIRXWHUVHJPHQWVEXWKDV
QRHIIHFWRQWKHLQJHVWLRQRIODWH[EHDGVVXJJHVWLQJWKDWWKH
VSHFLILFSKDJRF\WRVLVRIRXWHUVHJPHQWVE\+(6&53(FHOOV
LVPHGLDWHGWKURXJKWKH0(57.UHFHSWRUZKLOHQRQVSHFLILF
SKDJRF\WRVLVLHSRO\VW\UHQHEHDGVLVPHGLDWHGWKURXJKD
VHSDUDWHPHFKDQLVP
,W LV ZRUWK QRWLQJ WKDW RI DOO WKH PROHFXOHV H[DPLQHG
0(57. ZDV WKH RQO\ RQH QRW GHWHFWHG LQ RXU VWRFN RI
$53( FHOOV DW WKH P51$ RU SURWHLQ OHYHO XQGHU WKH
GHVFULEHG FXOWXUH FRQGLWLRQV0XWDWLRQV LQ0(57.ZKLFK
XQGHUOLH WKHG\VWURSKLFSKHQRW\SHREVHUYHG LQ WKH5&6UDW
>@ DQG VRPH KXPDQ IRUPV RI UHWLQLWLV SLJPHQWRVD
>@ UHYHDOHG WKH LPSRUWDQFH RI WKLV SURWHLQ LQ WKH
PDLQWHQDQFH RI D KHDOWK\ UHWLQD ,W LV NQRZQ WKDW WKH JHQH
H[SUHVVLRQ SURILOH RI +(6&GHULYHG 53( PRUH FORVHO\
UHVHPEOHVWKDWRIIUHVKO\LVRODWHG53(ZKHQFRPSDUHGZLWK
KXPDQ53(FHOOOLQHV>@$FFRUGLQJO\WKLVDOVRDSSHDUVWREH
WUXH DW WKH SURWHLQ OHYHO (YHQ WKRXJK $53( FHOO
WUDQVSODQWDWLRQKDVEHQHILFLDOHIIHFWVLQUDWV>@WKHFRPSOHWH
DEVHQFHRI0(57.DQGRWKHUPROHFXOHVFULWLFDOWR53(FHOO
IXQFWLRQ>@VXJJHVWWKDWFDXWLRQVKRXOGEHWDNHQZKHQ
LQYHVWLJDWLQJ HVWDEOLVKHG 53( FHOO OLQHV IRU XVH LQ KXPDQ
WUDQVSODQWDWLRQWKHUDSLHV+RZHYHU$53(FHOOVPD\SURYH
WREHDXVHIXOPRGHOV\VWHPIRUXQUDYHOLQJWKHHIIHFWVRIWKH
DEVHQFHRI0(57.LQDKXPDQFHOOOLQH
7KH PRUSKRORJLFDO DSSHDUDQFH RI +(6&GHULYHG 53(
FHOOV UHVHPEOHV WKDW RI WKH 53( LQ YLYR EHIRUH FRFXOWXUH
+RZHYHULWLVLQWHUHVWLQJWRQRWHWKDWDIWHUKFRFXOWXUHZLWK
KXPDQUHWLQDFHOOVDSSHDUHGPRUHPDWXUH6WUXFWXUDOFKDQJHV
REVHUYHGLQWKHFHOOVDUHUHPLQLVFHQWRIWKRVHREVHUYHGLQWKH
UDW 53( SRVWSDUWXP ZLWK LQFUHDVHV LQ WKH OHQJWK RI DSLFDO
PLFURYLOOLDQGWKHDSSHDUDQFHRIEDVDOPHPEUDQH LQIROGLQJ
>@ :H REVHUYHG DQ LQFUHDVH LQ WKH QXPEHU RI
PHODQRVRPHVDQGLQSDUWLFXODUWKHQXPEHURIODWHVWDJH±
PHODQRVRPHV ZLWKLQ WKH DSLFDO UHJLRQ RI WKH FHOOV 7KHVH
ILQGLQJVFRQFXUZLWKVWXGLHVLQYLYRVXJJHVWLQJWKDWLQMHFWLRQV
RI526FDQLQGXFHPHODQRJHQHVLVLQDGXOWUDW53(FHOOVRYHU
 GD\V >@ 7KH VKRUWHU WLPH SHULRG RI PHODQRJHQHVLV
REVHUYHGLQWKHVHFHOOVPD\ZHOOUHIOHFWWKHLPPDWXUHVWDWHRI
+(6&GHULYHG53(KDYLQJQHYHUEHHQH[SRVHG WRD326
2WKHUFKDQJHVZLWKLQWKHFHOOVVXJJHVWVWKDWH[SRVXUHWR326
UHWLQDPD\FRQWULEXWHWRWKHIXQFWLRQDOPDWXULW\RIWKH53(
7KH SUHVHQFH RI FRDWHG SLWV DQG WKH HPHUJHQFH RI FRDWHG
YHVLFOHVDQGEDVHPHQWPHPEUDQHLQIROGLQJVDUHDOOVLJQVRI
LQFUHDVHGIXQFWLRQDOSRWHQWLDOVXJJHVWLQJWKH+(6&GHULYHG
53(DUHUHJXODWLQJFHOOXODUWUDQVSRUWYLDWKHHQGRF\WRVLVRI
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